Abstract. The Hybrid Monte Carlo Simulation (HMS) model of preequilibrium emission has been validated against 150 neutron-(partially proton-) induced reactions on 35 target nuclei by comparing calculated nucleon emission spectra with angle-integrated experimental data. Free-scattering damping width was assessed to represent good approximation to the magnitude of the pre-equilibrium processes, and found suitable for theoretical predictions and evaluations of nuclear reaction data.
INTRODUCTION
The Hybrid Monte Carlo Simulation pre-equilibrium model (HMS) has been developed by Blann [1] in response to Bisplinghoff's [2] criticism regarding inconsistent usage of particle-hole level densities in the Hybrid and Exciton models. It has been shown [2] that level densities for five and more exciton configurations are not consistent with the two-body nature of the nuclear force assumed in all preequilibrium models. HMS sees the equilibration process of the composite nucleus as a series of nucleon-nucleon collisions, treating each of them as an isolated event and avoiding reference to level densities for configurations containing more than three excitons.
In addition to the internal consistency, the HMS model offers a number of advantages over classical Hybrid and Exciton approaches. The most important is a natural capability of accounting for multiple preequilibrium emission, angular momentum coupling, and angular distributions. Therefore, Chadwick and Talou coded the HMS module with the intention to incorporate it in the McG-NASH code and use it for nuclear data evaluation. Their analysis has shown that the model performs very well for nucleon-induced reactions above 30 MeV. Validation of the model below 30 MeV is the purpose of the present work.
HYBRID MONTE CARLO SIMULATION
The physical basis of the HMS preequilibrium model is the Hybrid Monte Carlo Simulation model developed in a series of papers by Blann and Chadwick [1, 3, 4] .
The basic ideas and equations of the HMS approach can be summarized as follows:
• An incoming nucleon makes a two-body interaction with a nucleon of the target nucleus and creates a 3-exciton (2 particle -1 hole) configuration. The related nucleon energy distribution is approximately governed by level densities.
• Each successive scattering of a nucleon produces a new 3-exciton configuration (consistent with the 2-body interaction).
• A nucleon with energy ε can be scattered or emitted into the continuum according to the branching ratio [3] , which is a key to Monte Carlo simulation
where λ c´ε µ is the emission rate and λ p´ε µ is the damping rate.
The damping rate is assumed to follow the quasi-free scattering assumption that can be modified using the adjustment factor (default k 2).
Our goal was to study how well the assumption k 2 works and to find out proper values of the k-factor to reproduce (N, N) data.
TEST DATABASE
We reviewed the complete list of experiments and selected quality data sets that were measured by recognized and experienced experimentalists. In particular, we included into the test database the following data sets:
• 14 MeV (n, xn) spectra measured by 
CALCULATIONS
Calculations were performed with the EMPIRE-2.19 code [6] , which incorporates The HMS module and accounts for the compound-nucleus emission. Inclusion of the Hauser-Feshbach model was essential, since its contribution is significant at the low incident energies concerned in this paper. Several features of EMPIRE, such as its capability of performing massive calculations and automated comparison with experimental data were particularly suitable for the present project. The input parameters were selected from the RIPL-2 library [7] . In particular, the global OM by Koning and Delaroche [8] was used for both neutrons and protons, and Empire-specific level densities with default parameters were adopted. Only the ground state and the first excited state were used in the calculations in order to minimize the influence of discrete levels on level densities and spectra shape. One-hundred thousand histories in Monte Carlo simulations ensured that statistical fluctuations in particle spectra were kept below 10%. The Si-28(n,xn) Si-28(n,xn) default value of the damping factor (k = 1) was used throughout the exercise. Angle-integrated spectra of neutron and protons were calculated using A pure Hauser-Feshbach (HF) model and combined HF and HMS approach. Comparison with the compound nucleus results (HF) was essential for observing the actual effect of the preequilibrium emission and screening the results for deficiencies due to the parameterization of the statistical part rather than to the HMS model itself.
RESULTS
We arranged the discussion of the results into four groups of nuclei according to their atomic numbers (Light, Structural, Medium, and Heavy nuclei). Due to space limitation the discussion is only partially supported by figures.
Light Nuclei
(n,xn)-spectra: 24 Mg, 27 Al, 28 Si (Fig. 1) , and 48 Ca show reasonable agreement with the experimental data, although the comparison is to some extent obscured by the discrete level structure in the experimental data. There is a marked tendency for the HF+HMS calculations to overestimate measured results, which, however, can be ascribed to the imprecise parameterization of the HF component. Between 21 and 29 MeV the HMS contribution becomes evident and HF+HMS calculations provide a very good description.
(p,xn)-spectrum: 48 Ca is very well reproduced by the combined calculations using HF and HMS models (Fig. 2) . Generally, at incident energies below 20 MeV the effect of the HMS is rather small and calculations could be successfully performed within the pure HF mechanism.
Structural Nuclei
(n,xn)-spectra: Numerous experimental data are available in this mass range. The general agreement between HF+HMS calculations and measurements is good. There is some tendency for the combined calculations to overshoot experimental data, especially below 13 MeV, which can again be ascribed to the HF part. We note excellent agreement with the data of Marcinkowski on 51 V, 56 Fe, and 65 Cu at 25.7 MeV and emission energies between 12 and 15 MeV while underprediction observed at higher emission energies is due to the excitation of collective levels that should not be accounted for by the preequilibrium model.
(n,xp)-spectra: In the case of 60 Ni a very nice data set by Rondio is described perfectly (Fig. 3) . For the remaining six data sets calculations are generally higher than the measurements. In most cases this problem is observed already in the pure HF calculations but for 51 V and 59 Co at 14 MeV the HMS contribution at the end of the spectrum is clearly too high.
(p,xp)-spectra: No striking disagreements are observed for the eight available data sets. HF+HMS calculations perform reasonably well and excellent fits are obtained for the Bertrand's measurements at 28.8 MeV on 54 Fe.
(p,xn)-spectra: There is a slight indication that HMS yields tend to be too high. Agreement is good for 56 Fe at 22.4 MeV, 65 Cu at 26 MeV, and 64 Zn at 26 MeV. However, HMS results are too high for 59 Co at 25 MeV (Fig. 4) and to a lesser extent for 63 Cu at the same energy. In both cases HF cannot be blamed for the disagreement. Ni-60(n,xp) Ni-60(n,xp) HF+HMS E=18.5 MeV HF E=18.5 MeV 1988 Rondio FIGURE 3. Perfect agreement with experimental data for the charge-exchange spectra from 60 Ni.
Medium Nuclei
(n,xn)-spectra: They are generally well reproduced. Deviations in certain cases can be traced to the excessive HF contribution. Very good agreement (collective part of the spectrum excluded) is obtained between HF+HMS calculations and Marcinkowski's data on 93 Nb at 20 and 25.7 MeV. The preequilibrium component is evident even at incident energies as low as 9 MeV. In the wholeenergy range (9 to 26 MeV) the energy and mass trends are described adequately and there is no reason for modifying the k-factor.
(n,xp)-spectra: Proton spectra from the chargeexchange reactions were measured at 14.1 MeV for 93 Nb, 98 Mo, 107 Ag, and 115 In. Comparison of these results with the HF+HMS predictions shows a definite excess of the preequilibrium emission (approximately by a factor of 2). This discrepancy is particularly evident in the case of 115 In (Fig. 5) . 2 . 10 -9
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In-115(n,xp) In-115(n,xp) (p,xn)-spectra: The existing experimental data sets for these charge-exchange reactions break a previously established tendency to overshoot the charge-exchange reactions. Results for 90 Zr at 11.2 and 25 MeV are described very well and those for 120 Sn are even underestimated. However, these might well be exceptions that confirm the rule since both targets are magic.
Heavy Nuclei
(n,xn)-spectra: They are particularly abundant and generally of high quality. They include measurements by Marcinkowski, recent data of Schmidt, and numerous results from Hermsdorf, Takahashi, Matsuyama, and Vonach, covering the energy range from 6.7 up to 25.7 MeV. HMS calculations describe these data very well or excellently. Particularly striking is the agreement for the magic Pb isotopes (Fig. 6) . Only in the case of 184 W at 14 MeV is there disagreement in the shape of the spectrum.
(p,xn)-spectra: They are also abundant and concentrated at incident energies of 11 and 25 MeV. The agreement between HMS calculations and experimental spectra is nearly excellent in most of the 25-MeV cases, while most of the nuclei involved in this comparison are magic. The tendency to overestimate charge-exchange preequilibrium emission persists at lower (11.2 MeV) incident energy.
CONCLUSIONS
Present analysis revealed no need for global adjustment of the k factor. The encountered differences can, in most cases, be ascribed to the global parameterization of the Hauser-Feshbach component. Thus, the free-scattering damping width with the default k 2 is recommended for general use. The HMS model performed well in the whole investigated energy range (from about 7 up to 30 MeV) and appears suitable for evaluating nuclearreaction data involving nucleons. In particular cases, some minor adjustment might be introduced to improve agreement with a well-measured spectrum.
HMS falls short of predicting high-energy ends of the emission spectra dominated by the inelastic scattering to collective levels. These should be treated in terms of direct models.
The only deficiency in the HMS is overprediction of the charge-exchange reactions on structural and medium nuclei. Outstanding exceptions from this rule are reactions on magic or nearly magic nuclei, which are usually well reproduced.
